Abstract: Separation of blends of styrene-butadiene rubber and butyl rubber was accomplished by gradient HPLC. Using a polar stationary phase and chloroformcyclohexane as eluent, the blends were separated with regard to chemical composition, irrespective of the molar masses of the components. The exact chemical structure of the blend components was analysed by coupling the chromatographic separation to FTIR detection. FTIR spectra of the components reveal information on styrene and butadiene contents and the conformation of the butadiene units (1,2-, 1,4-cis and 1,4-trans units). Complete separation of the blends with respect to chemical composition and molar mass was achieved by two-dimensional liquid chromatography. Combining gradient HPLC and size exclusion chromatography in a fully automated 2D chromatography set-up, the complex distributions of chemical composition and molar mass were fingerprinted simultaneously.
Introduction
Commercially produced styrene-butadiene rubbers (SBR) are roughly classified into three types of copolymers according to the sequence distribution of the monomer units. Depending on the preparation procedures, random copolymers, styrenebutadiene (SB) or styrene-butadiene-styrene (SBS) block copolymers, or partially blocked products can be obtained. The sequence distribution in SBR has long been recognized as a dominant factor in determining mechanical and thermal properties.
SBS type triblock copolymers are typical thermoplastic elastomers, which exhibit unique structure-property relationships. Their properties are significantly influenced by both the number and chain lengths of the S and B blocks. In a previous study, we reported on the analysis of SB and SBS block copolymers by liquid chromatography at the critical point of adsorption (LC-CC) [1] . We showed that both S and B block lengths can be determined with good accuracy. In addition, residual PS and PB homopolymers can be separated from the block copolymers. Identification of the different fractions was carried out by on-line FTIR spectroscopy.
Blends of SBR and BR are of extraordinary importance for the production of automobile tyres. Depending on the molar mass and chemical composition of SBR and BR, and the SBR-to-BR ratio, the performance of the materials can vary in a wide range. It is, therefore, important to have analytical techniques that can provide the following parameters: SBR/BR ratio, molar mass and S/B ratio of the SBR and molar mass of the BR, as well as the exact chemical structure of the butadiene units in SBR and BR (cis-vs. trans-, 1,2-vs. 1,4-units).
Unfortunately, single analytical techniques such as NMR, FTIR, pyrolysis-GC-MS, and ozonolysis can only provide average numbers for the SBR-BR blend [2] [3] [4] [5] [6] [7] [8] . Since these techniques cannot differentiate, whether the butadiene content of the sample belongs to the SBR or BR, separate information on the chemical composition of the SBR and BR components is not accessible. For a successful analysis of SBR and BR in rubber mixtures, a technique is required, which is able to separate the mixture irrespective of the molar masses of the components. Such type of separation can be accomplished using gradient HPLC as has been proven by Esser et al. [9] .
HPLC separation of polymers can be achieved via different mechanisms, including adsorption-desorption and precipitation-redissolution. These mechanisms have been discussed by Snyder and others and tests of the actually operative mechanism were suggested [10, 11] . Gradient elution chromatography is a high-performance liquid chromatographic technique that is capable to separate polymer molecules according to their chemical composition. The separation mechanism is mainly based on the differences in solubility between copolymer fractions with different chemical compositions [12] [13] [14] [15] . In gradient HPLC precipitation and adsorption can occur. An overview on different techniques and applications involving the combination of size exclusion chromatography (SEC) and gradient HPLC was published by Glöckner [16] .
The hyphenation of different chromatographic techniques, e.g., HPLC and SEC, in a two-dimensional set-up enables to separate polymers selectively with respect to molar mass and chemical composition. A fully automated two-dimensional chromatographic system (2D LC) was developed by Kilz et al., which comprises of two chromatographs. In the first step, separation occurs according to chemical composition and the second system, a SEC dimension, separates by hydrodynamic volume. Fractions from HPLC separation are automatically transferred into the SECdimension via a storage loop system [17] [18] [19] . A variety of applications of 2D LC were published by Kilz et al. [18] , Adrian et al. [20] [21] [22] , Stickler [23] and Siewing et al. [24, 25] . The analysis of modified random copolymers with regard to chemical composition distribution by normal phase HPLC has been shown by Petro et al. [26] . This paper describes the separation and analysis of SBR-BR blends by gradient HPLC-FTIR, on-line coupled 2D LC and the presentation of the results in twodimensional chromatography contour maps.
Results and discussion
As has been shown previously, gradient HPLC is an excellent method for separating complex copolymers with regard to their chemical composition. Due to the different solubilities of styrene-butadiene copolymers (SBR) and polybutadiene (BR) a mobile phase composition can be used that combines a good solvent for BR with a good solvent for polystyrene. By variation of the composition of the mobile phase during the chromatographic run, the solvent power of the mobile phase can be adjusted to the solubility of the polymer system.
Since BR is readily soluble in cyclohexane (cHx), the following approach is proposed: a polar stationary phase (cross-linked polyacrylonitrile, ANIT of PSS GmbH, Germany) is used that separates the samples in the direction of increasing polarity. The SBR-BR blend is dissolved in cHx, which is a good solvent for BR but a poor solvent for styrene-rich SBR. The sample solution is injected into a mobile phase of pure cHx, which after one minute is changed to a mobile phase of CHCl 3 -cHx 2:98 v/v. Under these conditions, BR is eluted from the column while SBR is fully retained. After complete elution of the BR fraction, a gradient is applied to increase the fraction of chloroform in the mobile phase. At certain chloroform content, the SBR fraction becomes soluble and elutes from the column. Accordingly, the chromatographic separation is mainly driven by solubility. The gradient profile of this type of separation is given in Fig. 1 . The separation of a technical BR by gradient HPLC is presented in Fig. 2 . Two main elution peaks at roughly 2 mL (peak 1) and 7 mL (peak 2) are obtained. Both peaks contain polybutadiene as can be shown by FTIR spectroscopy of fraction 1. The early elution of this peak is due to the presence of microgels that elute together with the solvent peak. Microgels are typically present in such rubbers due to the high reactivity of the butadiene double bonds. Such elution behaviour of BR has already been found in previous investigations [9, 30] . Fig. 3 presents the separation of a technical SBR rubber by gradient HPLC. The concentration profile is obtained by ELSD detection (Fig. 3A) , while information on the chemical composition is received by coupling the HPLC separation with FTIR detection (Fig. 3B) . To hyphenate chromatography with FTIR, a so-called LCTransform interface is used. The design concept and the operation of the interface are briefly described in refs. [27] [28] [29] . As can seen, the concentration profile in Fig. 3B shows one significant peak at an elution volume of 12 mL. This elution peak reveals absorptions of styrene, 1,4-cisbutadiene and 1,4-trans-butadiene, as can be seen from the corresponding chemigrams.
In addition to the major peak, Fig. 3B exhibits an elution peak of lower concentration that also consists of styrene, 1,4-cis-butadiene and 1,4-trans-butadiene. Obviously, this second fraction has a very low solubility in the mobile phase, and as can be seen in 2D chromatography it is a partially cross-linked fraction of the SBR with higher molar mass. The so-called Gram-Schmidt plot is a sum over all absorptions and corresponds to the sample concentration.
The chemical composition of the sample can be determined quantitatively. Based on the Lambert-Beer law, the relative concentrations of the substructures can be determined from the relative intensities of the corresponding absorption peaks [30] [31] [32] . The composition calculated for Krylene 1500 fits the specified composition as given by the supplier, see Tab. Fig. 4 . BR elutes in peak 2 while SBR elutes in peak 3. Peak 1 is due to BR microgels as was shown in Fig. 2 . The elution peaks can be easily identified by FTIR detection. It can be seen clearly that peaks 1 and 2 do not contain styrene units while peak 3 does not contain 1,4-cis-butadiene units. This clearly proves that only peaks 1 and 2 but not peak 3 contain BR. While the chemical composition of the SBR and BR samples can be analysed in detail by gradient HPLC coupled to FTIR spectroscopy, the molar masses of the different sample components must be determined by size exclusion chromatography. Preferably such analysis has to be conducted separately for each component to obtain full information. An investigation of chemical heterogeneity (contents of styrene and butadiene), in relation to the molar mass distribution of the rubber sample components, is done by on-line two-dimensional chromatography, which combines two methods that are separating into diverging directions of molecular heterogeneity.
2D Chromatography is conducted by connecting gradient HPLC in the first dimension with SEC in the second dimension. The results of the two-dimensional separations of a SBR and a BR rubber are presented as contour plots in Fig. 5 . The generation of a contour diagram from the individual SEC chromatograms of each fraction has been explained previously by Pasch et al. [33] . For the 2D experiments a different gradient is used for the first dimension (gradient 2) as compared to gradient HPLC (see Exptl. part).
Tab. 2. HPLC-FTIR results of the SBR-BR blends
Blend ( The contour plot of Krylene 1500 (Fig. 5A) clearly indicates that only one component is present in the sample. No low molar mass additives or processing oils can be detected. Different from the SBR sample, BR 1203 elutes in two separate peaks in the HPLC mode. At about 2 mL elution volume (peak 1) the microgel part is detected whereas the peak at 7 mL (peak 2) corresponds to properly soluble polybutadiene. In addition to the major copolymer fraction in peak 2 there is a higher molar mass fraction of poorly soluble (late eluting) material in peak 4. Low molar mass additives and processing oils are detected in peaks 1 and 3.
The 2D separations of two SBR-BR blends are presented in Fig. 7 . In both cases, the major components SBR and BR can readily be identified as being peaks 2 and 1, respectively. Peak 3 contains BR microgel and peak 4 is due to processing oil that is a component of both BR and SBR. 
Experimental part

Chromatographic systems
A modular chromatographic system comprising two chromatographs connected via one eight-port injection valve and two storage loops was used. The chromatograph for the first separation step (chromatograph 1) comprised a Rheodyne six-port injection valve with a 50 µL injection loop and a gradient SD-200 Rainin pump. One electrically driven eight-port injection valve (Valco EHC8W) was used to connect the two chromatographs.
In addition they were connected to two storage loops of a volume of 200 µL each. The chromatograph for the second separation step (chromatograph 2) consists of a Waters model 510 pump. The operation of the coupled injection valves was controlled by the software, which was used for data collection and processing. In the present case the software package 'PSS-2D-GPC Software' from Polymer Standards Service, Mainz, Germany, was used. Molar mass calibration is based on polystyrene.
Columns
Chromatograph 1 and for the two-dimensional separation in the 1 st dimension: ANIT (CN) from Polymer Standards Service, Mainz, Germany; average pore size 100 Å, column size was 50 x 8 mm I.D. Column temperature was 30°C. 
